Trichadenotecnum is one of the most diverse genera among the non-parasitic members of Psocodea (Insecta: "Psocoptera"). The genus shows a world-wide distribution (excluding the Australian Region, where only one introduced species is known) with its center of diversity in southern to eastern Asia. Several species groups had been proposed for this large genus based on morphology, but their validity and phylogenetic relationships are still unclear because of great morphological diversity in the genitalia, systematically the most relevant character. In this study, we estimated the molecular phylogeny of the Old World species of Trichadenotecnum based on extensive taxon sampling. As a result, the monophyly of morphology-based species groups was very strongly supported in most cases. However, two groups were recovered as non-monophyletic, which had been inadequately defined on the basis of plesiomorphies or convergences of genital characters.
Main text

Introduction
The barklouse genus Trichadenotecnum Enderlein, 1909 is one of the largest genera among the free-living members of the order Psocodea (formerly "Psocoptera"; Yoshizawa & Johnson, 2006) . The genus consists of more than 200 species distributed in all zoogeographical regions (summarized in Lienhard & Smithers, 2002; Lienhard, 2011 Lienhard, , 2015 Yoshizawa & Lienhard, 2015) except for the Australian Region, where only one introduced species is known (Yoshizawa & Smithers, 2006) . Several additional species have been distinguished but are not yet described; some of them are included in the present analyses (see Table 1 ).
The species of Trichadenotecnum are superficially very similar to each other; without examining the genital characters, species identification is difficult even between rather distantly related species. Nevertheless, the species of Trichadenotecnum and even the genus itself were once diagnosed only by superficial similarities in forewing markings and venation, which caused much taxonomic confusion (e.g., Roesler, 1943 Roesler, , 1944 Thornton, 1961; New, 1978; Yoshizawa, 1998; Yoshizawa & Smithers, 2006) . Recently, the genus was redefined by a combination of apomorphies including male and female genital characters (Yoshizawa, 2001 (Yoshizawa, , 2003 . Several species groups have been proposed within the genus based mainly on male and female genital structures (Yoshizawa, 2001 (Yoshizawa, , 2003 Yoshizawa & Lienhard, 2004 , 2015 Yoshizawa et al., 2007 Yoshizawa et al., , 2014 .
Genitalia are the most widely used morphological characters in insect systematics, from species diagnoses (e.g., Tuxen, 1970) to lower-or higher-level phylogenetic studies (e.g., Yoshizawa & Johnson, 2006; Song & Bucheli, 2010) . In contrast, it is sometimes argued that the genitalia may not contain useful phylogenetic information because of the extremely rapid evolutionary rates of the genital structures (Arnqvist & Rowe, 2002; Eberhard, 2004) . In the case of Trichadenotecnum, some species groups defined by genital structures were tentatively supported by molecular phylogenies (Yoshizawa, 2004) .
However, taxon sampling for these analyses was very limited. Recent progress in the taxonomic study of the Old World species of Trichadenotecnum (summarized in Lienhard & Smithers, 2002; Lienhard, 2011 Lienhard, , 2015 Yoshizawa & Lienhard, 2015) has revealed its great diversity in the Oriental to eastern Palearctic regions. Many new species have been described, which have been either assigned to previously defined species groups or to some newly proposed species groups based on morphological characters (Yoshizawa & Lienhard, 2004 , 2015 Yoshizawa et al., 2007 Yoshizawa et al., , 2014 . Therefore, molecular-based tests for the morphologically established taxonomic system are highly desirable.
In this paper, we estimate the molecular phylogeny of the Old World species of Trichadenotecnum based on extensive taxon sampling. On the basis of the resulting tree, we examine the morphological evolution of the male genital structures in the genus. The molecular phylogeny also provides new insights for intrageneric taxonomy, but here we focus only on phylogeny and morphological evolution; taxonomic rearrangements will be subsequently proposed along with descriptive taxonomic studies (e.g., Yoshizawa & Lienhard, 2015) .
Materials and Methods
The specimens used for DNA analyses were collected in various ways. The samples collected by beating or direct searching were freshly killed and stored in 99.5% ethanol.
The samples collected by Malaise traps (tagged as Tiger or Sabah, Table 1 ) were placed in a water-rich preservative for a variable period, then stored in 80% ethanol, and finally preserved in 99.5% ethanol.
Samples were collected from various countries and regions (Table 1) and covered all known species groups from the Old World (Yoshizawa, 2001 (Yoshizawa, , 2003 Yoshizawa & Lienhard, 2004 , 2015 Yoshizawa et al., 2007 Yoshizawa et al., , 2014 . A total of 72 species (73 individuals) of Trichadenotecnum were sampled for phylogenetic analyses (Table 1) . Outgroups were selected from other Psocidae, covering all subfamilies and most tribes (Metylophorini not sampled) (Yoshizawa & Johnson, 2008) . Trichadenotecnum is classified under the tribe Ptyctini, so this tribe was sampled most extensively. The tree was rooted by Kaindipsocinae as suggested by Yoshizawa et al. (2011) .
Partial sequences of the nuclear 18S rRNA, Histone 3 and mitochondrial 16S rRNA, 12S rRNA and cytochrome c oxidase subunit I (COI) genes were used for analyses.
Methods for DNA extraction, PCR amplification, sequencing, and alignment followed Johnson (2010) for 18S and Johnson (2008) for the other genes. The aligned data set is available in the Online Supplement. See Table 1 for the GenBank accession numbers.
Using the aligned data set, maximum-likelihood (ML) and Bayesian analyses were performed. The best-fitting model for the ML analysis was estimated on the basis of the hierarchical likelihood ratio test (hLRT) using a BioNJ tree, as implemented in jModelTest 2.1.7 (Darriba et al., 2012) . As a result, the GTR + Invariable site + Gamma model was selected (parameters described in the Online Supplementary matrix). ML tree searches were conducted using PAUP*4a142 (Swofford, 2002) . Neighbor-joining (NJ), Bayesian and PhyML-estimated (by subtree pruning and regrafting: SPR) ML trees were used as starting trees, and heuristic searches with tree bisection reconnection (TBR) branch swapping were conducted. The tree with the best score was found when the PhyML-estimated ML tree was used as the starting tree. Likelihood-based bootstrap support values were calculated using PhyML 3.1 (Guindon et al., 2010) with 1000 bootstrap replicates. SPR branch swapping was performed for each bootstrap replicate with the GTR + Invariable site + Gamma model (all parameters estimated from the data set).
We used MrBayes 3.2.1 (Ronquist et al., 2012) for Bayesian Markov chain Monte Carlo analyses. For Bayesian analyses, data were subdivided into nine categories (18S, 16S, 12S, first, second, and third codon positions of H3 and COI), and the substitution models for the analysis were estimated separately for each data category using hLRT as implemented in MrModeltest 2.3 (Nylander, 2004) . Detailed settings for Bayesian analyses are described in the data matrix (Online Supplement). We performed two runs each with four chains for 5,000,000 generations, and trees were sampled every 1,000 generations. The first 50% of the sampled trees was excluded for burn-in, and a 50% majority consensus tree was computed to estimate Bayesian posterior probabilities.
In addition to the bootstrap value and Bayesian posterior probability, the robustness of certain clades of interest was tested with an approximately unbiased test (AU test; Shimodaira, 2002) using PAUP* by contrasting the best ML tree with trees estimated by constraining alternative relationships (e.g., monophyly of the sexpunctatum group, see below).
A key morphological character causing incongruences between molecular and morphological systematics was mapped on the resulting tree, and the ancestral states were estimated using Mesquite 3.03 (Maddison & Maddison, 2015) under the parsimony and likelihood models. Methods for morphological observations, illustrations and coding followed .
Results
The phylogenetic trees resulting from ML and Bayesian analyses of the five gene regions were well resolved (Fig. 1) . These trees were nearly identical except for minor rearrangements of weakly supported branches (see Online Supplementary data). The monophyly of the genus Trichadenotecnum was consistently supported, with 88% bootstrap (BS) and 100% posterior probability (PP). The monophyly of almost all species groups proposed previously was also supported with high support values (86-100% BS, 100% PP), except for the paraphyly of the sexpunctatum group (the medium group embedded within the sexpunctatum group) and the polyphyly of the majus group (divided into two clades, with two other species groups embedded within one of these clades) (Fig. 1 ). The monophyly of the circularoides, digitatum and vaughani groups could not be tested because only a single species from each species group was available for the analyses.
Within Trichadenotecnum, the circularoides group was sister to the remainder of the genus, and the monophyly of the genus, excluding the circularoides group, received strong support (88% BS, 100% PP). Arrangements of the four groups (the marginatum, corniculum, longimucronatum, and spiniserrulum groups) outside of Trichadenotecnum s.
str. (sensu Roesler, 1943; Thornton, 1961) were unstable, but the monophyly of Trichadenotecnum s. str. was well supported (78% BS, 100% PP). Relationships among the species groups within Trichadenotecnum s. str. were also unstable. Species-group assignment of T. germanicum has not been proposed to date, and this species was placed as sister to the majus group II (see below) with low nodal supprt (<50% BS and <70% PP).
As also suggested on the basis of morphological characters (Yoshizawa, 2001 (Yoshizawa, , 2004 , a close affinity between the sexpunctatum and medium groups was supported with high support values (88% BS, 100% PP). However, the sexpunctatum group was paraphyletic because one species of the group, T. sexpunctatum, was placed sister to the medium group with fairly strong support (64% BS and 99% PP). In contrast, the monophyly of the sexpunctatum group could not be rejected by the AU test (P=0.43).
Monophyly of the majus group was not supported for two reasons. First, the group was divided into two distant clades: one contained T. sibolangitense and a related undescribed species (majus I), and the other contained the rest of the majus group (majus II). A close relationship between majus I and II (keeping the distinctum and vaughani groups within the majus II clade: Fig. 1 ) could not be rejected by the AU test (P = 0.36).
However, a close relationship between majus I and T. arciforme + T. sp.tiger15, as suggested by the similarity of the male genitalia (Fig. 2A1, C8: Yoshizawa et al., 2014) , and a close affinity of the species lacking the median tongue in the majus group (majus I + Clade C: Fig. 2) were both rejected by the AU test (P<0.001). Second, two species groups, the distinctum and vaughani groups, were embedded within the majus II clade (Fig. 1) , so that this part of the majus group was paraphyletic. Placement of the distinctum group within majus II was especially robust (Fig. 1) . The monophyly of majus II excluding the distinctum and vaughani groups was rejected by the AU test (P<0.001).
The most parsimonious reconstruction of the transformation series of the male hypandrial median tongue was performed. The hypandrium is the 9th abdominal ventral plate, which shows great diversity among species and is thus the most important diagnostic character; its median tongue is a characteristic feature widely observed in the genus Trichadenotecnum ( Fig. 2 and Supplementary Fig. S1 ). The presence of the fully developed and movable hypandrial median tongue was estimated as the ancestral condition of Trichadenotecnum ( Fig. 2 and Suppl. Fig. S1 : red). Its reduction and absence were identified as having occurred several times (in the corniculum, spiniserrulum, krucilense, and majus groups: Suppl. Fig. S1 ). A reduced and unmovable median tongue was identified as the ancestral condition for the majus II clade (Fig. 2, blue) , and the complete absence of the median tongue was estimated to have occurred once in the clade C (Fig. 2, white) .
Reversals to the fully developed and movable median tongue were only identified within the majus II clade: in the distinctum group (from its unmovable condition) and vaughani group (from its complete absence) (Fig. 2) . The likelihood reconstruction provided concordant result with that from the parsimony reconstruction (Suppl. Fig. S2 ).
Discussion
The present molecular phylogenetic analyses using five gene markers sequenced from a wide range of Trichadenotecnum species generally supported the validity of the morphology-based taxonomic scheme. For example, the marginatum and longimucronatum groups were originally described as independent genera, Cryptopsocus Li, 2002 and Conothoracalis Li, 1997 , respectively, which were subsequently synonymized with Trichadenotecnum on the basis of morphology (Yoshizawa et al., 2007; Yoshizawa & Lienhard, 2015) . Synonymies of Cryptopsocus and Conothoracalis with Trichadenotecnum were here unambiguously supported (Fig. 1) . The monophyly of nearly all morphologically proposed species groups and the close relationship between the sexpunctatum and medium groups were also strongly supported; suggesting that the male and female genital characters contain sufficient phylogenetic signals, contrary to some previous points of view (Arnqvist & Rowe, 2002; Eberhard, 2004) .
In contrast, a significant incongruence between the morphological and molecular phylogenies was also identified in three cases. First, the monophyly of the sexpunctatum group was not supported, and the medium group was embedded within the group. The close similarity of the male genitalia between these groups has long been recognized (Thornton, 1961; Yoshizawa, 2001 Yoshizawa, , 2004 , which was also strongly supported by the present analyses.
Species of the sexpunctatum group have more developed hypandrial processes than those in the medium group (Fig. 2A3, A4 ), and the sexpunctatum group has been diagnosed by the more developed hypandrial processes. However, the present results suggest that the less developed condition, as observed in the medium group (Fig. 2A4) , is actually derived from the more developed sexpunctatum-like condition (Fig. 2A3) . The sister relationship between T. sexpunctatum and the medium group is fairly well supported (64% BS and 99% PP; Fig. 1 ), but monophyly of the sexpunctatum group cannot be rejected by the AU test.
Further evidence is needed to confirm the morphological transformation in the sexpunctatum + medium clade.
The second incongruence concerns the monophyly of the majus group, which was divided into two separated clades. The reduction or complete absence of the hypandrial median tongue (blue or white in Fig. 2 ) is recognized as one of the autapomorphies defining the majus group (Yoshizawa, 2001 (Yoshizawa, , 2004 Yoshizawa & Lienhard, 2004; Yoshizawa et al., 2007 Yoshizawa et al., , 2014 . Placement of T. sibolangitense into the majus group (Yoshizawa et al., 2014) was also based on the complete absence of the median tongue in this species. Its hypandrial structure is especially similar to that of T. arciforme (Yoshizawa et al., 2014: Fig. 2A1 and   2C8 ). The AU test could not reject a close affinity between majus clades I and II (including the distinctum and vaughani groups within clade II: Fig. 1 ), but a close relationship between the majus I clade and the species lacking median tongue (clade C in Fig. 2 ) was clearly rejected. Extensive convergences in the shape of the structures of the hypandrium have apparently occurred in distantly related clades.
The third incongruence also concerns the majus group. Two morphologically-defined groups, the distinctum and vaughani groups, were imbedded within clade II of the majus group (Figs 1-2) . As mentioned above, absence or reduction of the hypandrial median tongue is consistently observed throughout the majus group, but species in the distinctum and vaughani groups have a fully developed and movable hypandrial median tongue ( Fig.   2B6 and C9 ). In particular, the distinctum group was deeply embedded within the majus II clade (strongly supported by bootstrap/posterior probability). Exclusion of these two species groups from majus group II was also rejected by the AU test. This result strongly suggests that reversal to the ancestral condition occurred at least twice within the majus II clade. Independent reductions of the median tongue were identified in several species groups (Suppl. Fig. S1 ), but reversals were only identified within the majus II clade.
In summary, there was a high level of congruence between the molecular phylogeny and a morphologically based classification scheme. However, some notable incongruence was also detected. In particular, previous morphological study suggested the possibility of a close relationship among the majus, distinctum, and vaughani groups based on the arrangement of the hypandrial distal processes (majus + vaughani; Yoshizawa & Lienhard, 2004) or on the female genital structures (majus + distinctum; Yoshizawa et al., 2007) .
Convergent reductions of the median tongue have been identified in several species groups (Suppl. Fig. S1 ), but, with the exception of T. sibolangitense and its relatives (Fig. 2A1) , the species concerned were correctly separated from the majus group based on other genital characters (Yoshizawa et al., 2007 (Yoshizawa et al., , 2014 . These results show that, although convergences and reversals exist, genital characters still contain useful phylogenetic signals. The present molecular tree will help to evaluate the significance of morphological characters for establishing a sound taxonomic system for Trichadenotecnum. Uncovering the evolutionary background producing the high diversity and morphological convergences/reversals of genital structures in Trichadenotecnum also merits further studies. Fig. 2 . The most parsimonious reconstruction of the state of the hypandrial median tongue on the ML tree, including the majus group and its relatives (left). Names of the species now assigned to the majus group are underlined. Note that T. castum is parthenogenetic, and its males are unknown (indicated by gray circle). On the right side, the hypandrium of representative species is illustrated (median tongue is highlighted by red or blue). The ancestral condition of the entire tree is "fully developed and movable" (red circle). This condition is also ancestral to Clade A, but "complete absence" (white circle: A1) occurred in T. sibolangitense and its relatives. T. sibolangitense was assigned to the majus group and is considered to be a very close relative of T. arciforme and its relatives (C8: Yoshizawa et al., 2014) based on the convergent absence of the median tongue and the triangular shape of the hypandrium. The reduced and unmovable median tongue (blue circle) is the ancestral condition to Clade B, but reversal to the "fully developed and movable" condition occurred in B6 and relatives (the distinctum group). "Complete absence" is the ancestral condition to Clade C, but reversal to the "fully developed and movable" condition occurred in C9 and relatives (the vaughani group).
Table 1
Taxa included in this study; -indicates missing data. 
